Disulfide bonding of cysteines is one of the most important protein modifications, and it plays a key role in establishing/maintaining protein structures in biologically active forms. Therefore, the determination of disulfide bond arrangement is one important aspect to understanding the chemical structure of a protein and defining its functional domains. Herein, aiming to understand how the HIV-1 envelope protein's structure influences its immunogenicity, we used an MS-based approach, liquid chromatography electrospray ionization Fourier transform ion cyclotron resonance (LC/ESI-FTICR) mass spectrometry, to determine the disulfide linkages on an oligomeric form of the group M consensus HIV-1 envelope protein (Env), CON-S gp140 ΔCFI. This protein has marked improvement in its immunogenicity, compared to monomeric gp120 and wild-type forms of gp140 Envs. Our results demonstrate that the disulfide connectivity in the Nterminal region of CON-S gp140 ΔCFI is different from the disulfide bonding previously reported in the monomeric form of gp120 HIV-1 Env. Additionally, heterogeneity of the disulfide bonding was detected in this region. These data suggest that the V1/V2 region does not have a single, conserved disulfide bonding pattern, and that variability could impact immunogenicity of expressed Envs.
Introduction
Disulfide connectivity is one of the most essential protein modifications, and it plays a key role in stabilizing protein structures. [1] [2] [3] [4] Disulfide bonds are usually formed between thiol groups of two cysteine residues that are proximal in three-dimensional structures in the secreted and non-cytoplasmic proteins. 4, 5 The formed disulfide bonds provide a significant reinforcement to the native folding state of the protein by decreasing the conformational entropy of the unfolded state, thus, stabilizing the protein. 4 Numerous studies have shown that correct disulfide connectivity in proteins is important for protein folding and becomes an indispensable criterion to assess the quality of protein in recombinant DNA technology. 3, [5] [6] [7] Given that disulfide linkages are essential in establishing and maintaining the proper In addition to the analytical tools, disulfide mapping requires rigorous experimental controls, due to the possibility of disulfide rearrangement under certain circumstances. It has been previously observed that the disulfide bond scrambling could be triggered by the following conditions: (1) strong acid (e.g. 8.0 M sulfuric acid),8 , 9 , 18 (2) the presence of a free thiol group on unpaired cysteine residues at neutral pH,7 -9 , 18 and (3) the presence of a thiol group generated by hydrolytic cleavage of disulfide bonds during protein denaturation at neutral and alkaline pH. Thus, precautions must be taken when handling proteins to avoid disulfide bond rearrangement.
The focus of this paper is two-fold: to validate a protocol for profiling disulfide bonds on proteins, using liquid chromatography electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry (LC/ESI-FTICR MS) and to use the validated approach to analyze the disulfide bond arrangement in an oligomeric HIV-1 group M Consensus Env CON-S gp140 ΔCFI. CON-S gp140 ΔCFI was developed as a potential HIV vaccine candidate. 19 It is a synthetic form of Env representing the group M consensus Envs, and it induces neutralizing antibodies against type one and limited type two strains of the HIV-1 virus. 19 It also shows improved immunogenicity, compared to wild-type Envs. 19 To date, the exact disulfide bonding patterns of oligomeric Env proteins, such as CONS gp140 ΔCFI have not been elucidated; however, the disulfide connectivity in several monomeric forms of HIV-1 Env, gp120, have been described. 2, [20] [21] [22] [23] These previous studies indicate a conserved disulfide bonding pattern is present in various monomeric forms of HIV Envs, where all cysteine residues are utilized for disulfide connectivity. While these prior studies provide useful insight into the connectivity of monomeric Env, this form of the protein has been shown to perform inadequately as a vaccine candidate,24 , 25 and many believe a key contributing reason is that a better mimic of viral Env would include protein that is present in an oligomeric form.26 -29 Several oligomeric HIV-1 Envs (dimers and trimers) have recently been expressed, and they are known to be covalently associated as a dimer or trimer through disulfide bonds. 19, 30 This surprising result implies that the disulfide bonding network in recombinant oligomeric Env must be different from that in the previously characterized monomers, since at least one cysteine must be used for the intersubunit disulfide bond.
Previous studies have identified the location of interchain disulfide bonds between two subunits of Envs, by deleting certain domains and/or loops that are suspected to be involved in the connecting disulfide bond and detecting the changes in the number of domains that are covalently linked in the new protein. [30] [31] [32] Although deletion mutations on a protein are useful to identify which domains and/or loops are involved in the intersubunit contact of a protein, a possibility that truncating these segments influences the protein conformation and indirectly inhibits intersubunit association cannot be ruled out. [30] [31] [32] Additionally, these studies do not address the disulfide bonding which is not associated with the intersubunit linkage. Recent work by Finzi et al. indicates that dimeric Env is likely disulfide bonded in the V1/V2 region, although the full disulfide bonding network was not elucidated. 33 The study presented herein is the first investigation to fully characterize the disulfide bonding network of the oligomeric Env, CON-S gp140 ΔCFI, using high resolution FTICR mass spectrometry. Our results show that two functional domains previously identified in a monomeric Env, the third and fourth variable regions (V3, V4), are also conserved in the disulfide bonding in CON-S gp140 ΔCFI. Among these two regions, V3 is the immunodominant region that is responsible for inducing type-specific neutralizing antibodies. 19 Additionally, heterogeneity in the disulfide bonding in the V1/V2 region of the protein is observed, and the expected disulfide bonding pattern in this part of the protein was not detected. In one case, two free cysteine residues were detected and these could potentially participate in forming oligomeric Env through interprotein disulfide bonds. Our results demonstrate that the oligomeric form of an HIV Env possess a different disulfide bonding network, compared to previously reported monomeric HIV Envs. These differences may be due to the fact that CON-S is a computationally derived recombinant protein, and other disulfide bonding studies have previously been carried out on wild-type recombinant proteins, implying that CON-S does not adopt a native disulfide bonding pattern. These results may also suggest that some variability exists in the possible disulfide bonding patterns of HIV-Envs, and if this variability does exist, it could potentially contribute to HIV's ability to evade the immune system.
Experimental Section

Materials and reagents
Albumin from bovine serum (BSA), 4-vinylpyridine, acetonitrile, formic acid, acetic acid, and ammonium bicarbonate were all obtained in high purity from Sigma-Aldrich (St. Louis, MO). The HIV envelope glycoprotein CON-S gp140 ΔCFI was expressed and purified in the laboratory of Dr. Barton F. Haynes, Duke Human Vaccine Research Institute (Duke University, Durham, NC), using the method described elsewhere 19 . Peptide N-glycosidase F (PNGase F) from Elizabethkingia meningosepticum and proteomics grade trypsin were purchased from Calbiochem (San Diego, CA) and Promega (Madison, MI), respectively. Ultra-pure water was obtained from a Millipore Direct-Q3 filtration system. (Billerica, MA).
Protein digestion
About 100 µg of either BSA or CON-S gp140 ΔCFI were alkylated with 4-vinylpyridine at a protein:vinylpyridine ratio of 1:6 (molar ratio) for 1 hour in the dark at room temperature to cap free cysteine residues prior to any enzymatic digestion. Following alkylation with 4-vinylpyridine, CON-S gp140 ΔCFI was deglycosylated with 1 µL of PNGase F enzyme solution (≥ 4500 units/mL) and was incubated at 37 °C for one week while BSA was digested with trypsin. In-solution trypsin digestion of both proteins was carried out at 37°C for 18 hours at a 1:20 enzyme-to-protein ratio (w/w), followed by a second trypsin addition under the same conditions. The digestion was stopped by the addition of 1µL concentrated acetic acid and the resulting protein digest mixture was analyzed by reversed phase HPLC/ ESI-FTICR MS.
LC/ESI-FTICR MS analysis
The tryptic digests were subjected to reversed phase high performance liquid chromatography (RP-HPLC, Dionex, Sunnyvale, CA) coupled with a hybrid linear ion trap Fourier transform ion cyclotron resonance (LTQ FTICR) mass spectrometer equipped with a 7 Tesla actively shielded magnet (ThermoElectron Corp, San Jose, CA). The mobile phase A was 99.9% water with 0.1% formic acid. Mobile phase B was 99.9% acetonitrile with 0.1% formic acid. Approximately 5 µL of the sample was injected and separated on a C18 PepMap 300™ column (150mm×300 µm i.d. 5 µM, 300Å; LC Packings, Sunnyvale, CA) at a flow rate of 5µL/min. The tryptic peptides were eluted using the following gradient, which was modified from the method described in the literature 34 : The mobile phase initially contained 2% B and the level of B increased linearly to 40% over 30 min, then ramped to 90% B over 20 min. The column was re-equilibrated after holding at 90% B for 10 min.
The samples were infused into the electrospray ion source, and the hybrid LTQ FTICR data acquisition was performed in a data-dependent scanning mode. Briefly, the MS 1 spectra were recorded in FT MS scan and the six most abundant peptide ions in the MS scan were sequentially selected for CID performed in the LTQ mass analyzer, with 35% normalized collision energy and a 3 min dynamic exclusion window. Electrospray ionization was achieved with a spray voltage of ~4.0 kV. Nitrogen was used as nebulizing gas and set at a pressure of 10 psi. The capillary temperature was maintained at 200 °C. All the data were acquired in the positive-ion mode and analyzed using Xcalibur 2.0 software (ThermoElectron Corp, San Jose, CA).
Results and Discussion
A disulfide-rich model protein, bovine serum albumin (BSA), was used to optimize experimental conditions and to validate that conditions used in this study do not cause disulfide scrambling. The optimized approach was subsequently applied in the determination of disulfide bond arrangement of HIV Env CON-S gp140 ΔCFI.
Disulfide mapping of bovine serum albumin
Bovine serum albumin (primary accession number P02769 from Swiss-Prot) contains ~600 amino acid residues, 77 potential cleavage sites for trypsin, and 35 cysteine residues. 35 The putative disulfide bond arrangements36 are shown in Figure 1 , in which 17 inter-and intrachain disulfide linkages are formed. One unpaired cysteine residue, Cys 58 , has a free thiol group, and it could promote the disulfide bond rearrangement at neutral pH ~7.0. 7 To preclude disulfide scrambling, the thiol groups in the unpaired cysteine residues were capped with the addition of excess alkylating reagent, 4-vinylpyridine. 4-Vinylpyridine was used as the alkylating agent because the modified peptides containing S-β-(4-pyridylethyl)-cysteine can be readily identified, due to the presence of characteristic ion, S-pyridylethyl moiety, upon CID experiments in mass spectrometry. 37 The protein was then digested with trypsin at neutral pH ~7.0. Trypsin was used for generating the disulfide-linked peptides due to its substrate specificity and its capability to produce relatively simple mass spectra, compared to other proteases (e.g. pepsin). 7 The resultant tryptic peptides containing disulfide linkages and modified unpaired cysteine residues were then subjected to reversed phase HPLC followed by ESI-FTICR MS and MS/MS analysis, as shown in Figure 2 .
When the tryptic digestion mixtures were separated, several disulfide-linked peptides with inter-or/and intrachain disulfide linkages were identified. A representative reversed phase HPLC chromatogram and LC/ESI-FTICR mass spectrum of tryptic peptides from BSA are shown in Figure 3A and B, respectively. The FTICR MS mass spectrum of the HPLC fraction eluting between 16-17 min (the red bar shown in Figure 3A) shows two peaks at m/ z 925.8946 and m/z 1234.1892 with different charge states of the same disulfide-linked peptide species. Figure 3 inset shows the zoom-in spectra used to identify the monoisotopic peaks at m/z 925.3933, m/z 1234.5219 and their corresponding charge states (+4, and +3, respectively). By comparing the observed masses with the theoretically calculated masses of the putative disulfide-linked peptides, the peaks at m/z 925.3933 and m/z 1234.1892 correspond to the 3+ and 4+ charge state of the disulfide-linked three peptide chain found in BSA. Table 1 summarizes all the experimentally determined disulfide linkages in BSA. All the 35 cysteines have been identified by LC/ESI-FTICR MS analysis. Each group of peptides containing disulfide linkages or peptides with unpaired cysteine residues has been identified with high mass accuracy and confirmed by MS/MS, and was consistent with the known disulfide linkages in BSA, as described in literature. 15, 36 To further verify the disulfide linkages and peptide sequences of the disulfide-linked peptides or peptides with unpaired cysteine residues, MS/MS analyses were performed using data dependent acquisition in the linear ion trap. Representative ESI-MS/MS data are shown in Figure 4 . Three classes of peptides containing disulfide-linked or unpaired cysteine residues have been identified by the product ions observed in MS/MS analysis. Figure 4A depicts the CID data of a peptide that contains a cysteine capped with 4-vinylpyridine. The major ions in the spectrum are consistent with the expected peptide sequence that retains the chemically modified thiol group on the cysteine. Figure 4B represents an intrachain disulfide-linked peptide from BSA. For the product ions of m/z 438.09 and 566.39, in which the disulfide bonds are dissociated, the cysteine residues were detected as free thiol groups (−SH), as expected. 4 Again, the MS/MS data are consistent with the depicted peptide sequence. Figure 4C demonstrates the identification of a three peptide chain disulfide-linked peptide. The product ions denoted by α y/ α b were generated from the peptide chain containing an N-terminal serine (S), whereas product ions denoted by β y/ β b and γ y/ γ b were produced from the peptide chains with N terminal glutamic acid (E) and asparagine (N), respectively. As demonstrated here, in addition to using high mass accuracy data in FTICR MS analysis to identify the disulfide-linked peptides in BSA, the peptide sequences and disulfide linkages in these peptides were also confirmed with MS/MS experiments, which significantly increases the confidence level in the mass assignments and implies that this approach is an effective way to determine the disulfide bonds in complex protein digests.
Disulfide mapping of CON-S gp140 ΔCFI
Owing to the successful application of this approach in mapping the disulfide bonds of bovine serum albumin, we extend the utility of this approach to a structurally complex protein, CON-S gp140 ΔCFI. CON-S gp140 ΔCFI is a computationally generated group M consensus form of the HIV-1 Env with shorter variable loops (V1-V5) compared to wildtype variable loop sequences 19 ; that when used as an immunogen in small animal vaccine trials, was shown to induce type I and limited type II neutralizing antibodies against the HIV-1 virus.19 This protein contains ~600 amino acid residues19, 52 potential cleavage sites for trypsin, 18 cysteine residues, and 31 potential N-linked glycosylation sites that are appended with a heterogeneous population of glycans.38 It is expressed as a mixture of monomers, dimers, and trimers. According to the disulfide connectivity in a previously analyzed recombinant, monomeric HIV envelope protein, gp120, 2 nine disulfide bonds should be present for each monomeric unit of CON-S gp140 ΔCFI, if the expected disulfide bonding pattern is conserved. This expected disulfide connectivity for the monomeric form of CON-S gp140 ΔCFI is shown in Figure 5A , in which the disulfide bonds define the boundaries of the variable regions (V1-V5) as well as conserved domains in HIV Env protein. 2, 39 Since CON-S gp140 ΔCFI is an oligomeric form of Env, we accounted for the possibility that the disulfide bonding pattern could be significantly different. Therefore, many possibilities for the disulfide connectivity were considered and investigated in data analysis, including free cysteine residues, the disulfide bonding pattern observed previously, 2 new disulfide bonds within the monomeric unit and interchain disulfide bonds between two monomeric units.
One final important experimental consideration in analyzing disulfide bonds of CON-S gp140 ΔCFI is dealing with protein glycosylation. This protein is extensively glycosylated. The glycans are bulky and block proteases from accessing the peptide backbone. This would result in multiple missed cleavage sites during enzymatic digestion, thus producing complicated spectra in MS analysis. As a result, the glycans attached to CON-S gp140 ΔCFI were cleaved with PNGase F prior to the disulfide mapping, to facilitate trypsin digestion and data analysis.
Control experiment to validate the deglycosylation step in disulfide mapping of CON-S gp140 ΔCFI
While the deglycosylation step is essential in assigning the disulfide bond arrangement of CON-S gp140 ΔCFI, it is possible that this process would result in disulfide scrambling. Herein, we introduced a control experiment to investigate this possibility. The validation protein, bovine serum albumin, was alkylated with 4-vinylpyridine and was subsequently incubated with PNGase F at 37 °C for one week, then digested with trypsin. The resulting peptide mixture containing inter-/intradisulfide linkages were subjected to LC/ESI-FTICR MS analysis. This study showed that the same disulfide connectivity in BSA was obtained, compared to the results described in the previous section, demonstrating that the conditions described herein for the extra deglycosylation step do not affect the determination of disulfide linkages in glycoproteins.
Determination of disulfide bonds in CON-S gp140 ΔCFI
A schematic workflow of the disulfide mapping experiment for CON-S gp140 ΔCFI is shown in Figure 2 . The glycoprotein was alkylated with 4-vinylpyridine and was enzymatically deglycosylated with PNGase F. The enzymatic release of glycans converts asparagine in the consensus sequence, NXT/S, to aspartic acid, resulting in a mass shift of 1 Da; as shown in Scheme 1.
It is necessary to know which asparagine (N) would be converted to aspartic acid (D) during deglycosylation, so that the theoretical masses of each peptide can be elucidated; therefore, the glycosylation site occupancy of the protein must be known or determined. The determination of glycosylation site occupancy in CON-S gp140 ΔCFI was achieved and described in a previous work. 38 Accordingly, the cysteine-containing tryptic peptides from CON-S gp140 ΔCFI with fully or partially occupied glycosylation sites and their corresponding deglycosylated peptide masses can be deduced and are listed in Table 2 . The masses in this table were used to generate theoretical masses for a wide variety of possible disulfide-linked peptides, as described above, and this list of theoretical masses was interrogated against the mass spectral data, to determine the disulfide connectivity of this protein.
The mass spectral data were acquired by first subjecting the deglycosylated CON-S gp140 ΔCFI to tryptic digest, then obtaining an LC/ESI-FTICR MS analysis. A representative reversed phase HPLC chromatogram and ESI-FTICR mass spectrum of tryptic peptides from deglycosylated CON-S gp140 ΔCFI are shown in Figure 6A and Figure 6B , respectively. The FTICR MS mass spectrum of the HPLC fraction eluting between 14-15 min (the red bar shown in Figure 6A ) shows a doubly charged peak at m/z 788.8779 originating from an intrachain disulfide linked peptide, LINCDTSAITQACPK. Figure 6 inset shows a zoom-in spectrum of this peak, which is used to identify the monoisotopic peak at m/z 788.3805 and its corresponding charge state. The aspartic acid residue (labeled in green) was generated upon deglycosylation with PNGase F, as described above.
The summary of all the experimentally determined disulfide linkages in CON-S gp140 ΔCFI is shown in Table 3 . These assignments are confirmed by MS/MS experiments (see Supplementary Data). One striking feature of these data is that several of the disulfidebonded peptides were detected in multiple forms. For example, two peptides were detected as being capped with 4-vinylpyridine and also detected as being bonded to each other. Also, the two peptides, LINCDTSAITQACPK and LTPLCVTLDCTNVDVTNTTNNTEEK were detected as being bound to each other (to form a "box" with two disulfide bonds connecting them) as well as detected individually, as internally linked species. One additional feature to note is that for the C-terminal end of the protein, the disulfide bonding pattern was consistent with the disulfide bonding observed in the previous analyses of Envs. 2 This region specifically encapsulates the third and fourth variable regions (V3, V4) in CON-S gp140 ΔCFI. It is worth noting that the V3 loop is an immunodominant region, which is responsible for the generation of V3 targeted neutralizing antibodies.
To further verify each of the disulfide linkages and peptide sequences of these peptide clusters, MS/MS analysis was performed. In each case, the MS/MS data are consistent with the assignments presented in Table 3 . Representative LC/ESI-MS/MS data are shown in Figure 7 . Figure 7A Figure 7B , the product ions denoted by α y/ α b were generated from the peptide chain with an N-terminal threonine (T), whereas product ions denoted by β y/ β b were produced from the peptide chains with N-terminal isoleucine (I). As in Figure 7A , the data in 7B clearly show that the MS/MS data is highly consistent with the assignment for each precursor ion, further validating the data in Table 3 .
An overview of the experimentally determined disulfide bonds from this study is shown in Figure 5B . In the N-terminal region (defined by amino acid residues 1-210) of CON-S gp140 ΔCFI, substantial differences were detected, compared to the expected disulfide bonding configuration. Heterogeneity was present, and this is indicated in the figure with burgundy bonds connecting the cysteine residues in alternate configurations, compared to the yellow-orange bonds. Also notable is that neither disulfide bonding pattern in the V1/V2 region of the analyzed protein matches data of the previously characterized Env disulfide bond (shown in 5A). The differences in the connectivity of the V1/V2 region could clearly impact the epitope accessibility of the protein; a pictorial representation of the different disulfide connectivities detected is shown in Figure 8 . While the disulfide connectivity in the N-terminal region of the protein is substantially different from the expected disulfide connectivity, the disulfide linkages from the V3 and V4 regions are consistent with the putative disulfide bonds in a previous analysis of a monomeric form of Env. 2 As it is known that oligomeric forms of Env, including this one, can form their oligomeric species through disulfide bonding, the data here suggest that the cysteine residues responsible for this are in the V1/V2 region of the protein. These data are consistent with other researchers who have assigned this general region as being responsible for interprotein disulfide bonding in recombinant Env preparations. 33 While no interprotein disulfide bonds were specifically verified in our work, the data suggest that likely candidate sites include the cysteine residues, C125, C130, C200, and C209, that were detected as having multiple possible binding partners as shown in Figure 8 . Clearly a single disulfide bonding network is not strongly favored in the V1/V2 region of the protein, and it seems feasible that one or several of the cysteines in this region could participate in forming alternative connection patterns, such as intersubunit disulfide bonding.
Biological implications of this study
The results obtained from this study suggest that the disulfide connectivity of CON-S gp140 ΔCFI is different from the disulfide linkages in the previously analyzed monomeric form of HIV-1 Env expressed from CHO cells 2 ( Figure 5A ), especially in the N-terminal region of protein where the first and second variable regions (V1, V2) are normally formed. One possible explanation for variability in disulfide bonding is that CON-S is a synthetic Env, which has shorter variable loops 19 and lower infectivity compared to the wild-type Env that was previously analyzed. While the study herein provides the first direct evidence of disulfide variability in the V1 and V2 regions of an Env, other researchers have observed indirect evidence of disulfide variability in a variety of other wild-type Envs.
Our findings complement a previous study by Jobes et al, which shows that the V1 and V2 regions of Env are highly variable, with the respect to the cysteine content. 39 These authors suggest that when the insertion or deletion of cysteine residues occurs in these regions, it could result in the disruption of normal disulfide bonds. 39 Both our work and this previous work show that the cysteine residues in the N-terminal region of Env can have a varying disulfide connectivity. The V1 and V2 region of the protein are important, because they shield the V3 region, preventing antibodies from directly accessing neutralizing epitopes present in V3. [39] [40] [41] Since the disulfide linkages of the V1 region in CON-S gp140 ΔCFI are connected differently than those described previously, 2, 20-23 and two unpaired cysteine residues are present, the disulfide connectivity in CON-S gp140 ΔCFI may cause the epitopes in the V3 region to be more exposed, facilitating immune response to this region.
The fact that an unexpected disulfide profile existed in the V2 region of the protein, for this oligomeric Env, is also significant in the context of Walker et. al.'s work 42 and the work of Haynes, Tsao, and Bonsignori. 43 These researchers have recently identified V2 as a key region that elicits the broadly neutralizing antibodies PG9 42 PG16, 42 and CH01. 43 The quaternary antibodies PG9, PG16, and CH01, all preferentially react with trimers in native conformations on virions and generally do not react with recombinant envelope proteins. 42, 43 One possible explanation for this finding is that the proteins' disulfide bonding is not the same on the trimeric species as it is typically generated in monomeric Env. Interestingly, Haynes Tsao and Bonsignori at Duke have found transmitted/founder recombinant gp140 envelope proteins that do bind quaternary-epitope antibodies. 43 It will be of interest to perform disulfide bond analysis on those rare recombinant envelopes that do bind quaternary epitope-reactive monoclonal antibodies to determine a putative native disulfide bonding pattern.
Aside from the disulfide linkages in V1 and V2 regions, the final interesting implication of this work relates to the disulfide linkage in the V3 and V4 loop, which is identified in our study to be consistent with the disulfide bonding established for monomeric Env. 2, [20] [21] [22] [23] This is somewhat expected, since this region was determined to be immunodominant, and it contributes to the improved immunogenicity in CON-S gp140 ΔCFI 19 Certainly, the protein would need to be folded properly in the V3 and V4 regions, if it were to elicit V3-targeted antibodies against numerous strains of HIV-1, which it does. 19 The question that remains, however, is whether the unique disulfide arrangement in the earlier part of the protein contributed to CON-S's improved immunogenicity or detracted from it.
Conclusions
We implemented an MS-based approach to characterize the disulfide linkages on the HIV-1 Env, CON-S gp140 ΔCFI. Prior to applying this approach to the Env, the method was validated using a disulfide-rich protein, bovine serum albumin. In this protein, all the 35 cysteine residues were detected. A total 17 disulfide-linked peptides and one unpaired cysteine residue were identified with high mass accuracy, and confirmed by MS/MS experiments. This data is in agreement with the putative disulfide linkages reported previously for BSA. 36 This approach was then applied to elucidate the disulfide connectivity in recombinant HIV-1 Env, CON-S gp140 ΔCFI. All of the 18 cysteine residues were identified, and some were detected in multiple forms. In particular, heterogeneity existed in the N-terminal region of CON-S gp140 ΔCFI,, and the identified disulfide bonds did not match the bonding pattern that has been previously published. These findings suggest that the N-terminal region of Env does not have a highly conserved disulfide bonding pattern. Although the cysteine residues in the N terminal region of the protein are different than the putative disulfide linkages from an analysis of a monomeric form of HIV-1 envelope protein, 2 the immunodominant V3 loop and V4 loop are indeed identified in CON-S gp140 ΔCFI.
Overall, the MS-based approach employed in this study has proven to be useful in the determination of disulfide bonding patterns of BSA and a recombinant HIV-1 Env, CON-S gp140 ΔCFI and should be applicable to other proteins. While the MS analysis of the disulfide-linked peptides generated from the tryptic digest of these proteins is straightforward, the task of analyzing the MS/MS data to unambiguously identify the disulfide-linked peptides is painstaking and time consuming, especially for disulfide-rich proteins. This mainly stems from the lack of suitable software tools and/or web-based programs that would automate the analysis. With the recent advances in proteomics methodologies and the introduction of new hybrid mass spectrometers, new algorithms are emerging to meet new demands for suitable informatics tools to address this issue.
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